The complex nature of structural phenomena still requires the comparison between numerical models and the real structural performance. Accordingly, many civil structures are monitored to detect structural damage and provide updated data for numerical models. Monitoring usually relies on the change of dynamic properties (experimental modal analysis). Regarding concrete structures, existing works have typically focused on the progressive decrease of natural frequencies under gradually increasing loads. In this paper, high-cycle fatigue effects are analyzed. An experimental campaign on specimens reproducing the top slab of concrete girders has been carried out, including fatigue tests and a reference static test. Impact-excitation tests were done at different stages to extract dynamic properties. Output-only models (only based on the structural response to an external excitation that is not measured) were used as identification techniques. The evolution of dynamic properties was correlated with damage development, with emphasis on the fatigue process stages: crack formation, cyclic reduction of tension-stiffening and brittle fracture of the reinforcement.
INTRODUCTION
Experimental modal analysis provides a wide field of applications to detect structural damage of concrete structures. Such techniques focus on the evaluation of structural dynamic properties (natural frequencies, modal shapes and damping factors) and the relationship between their evolution and the change of structural parameters (stiffness, mass or boundary conditions). A significant number of modal identification techniques has been developed in the last years and a good survey was reported by Cunha and Caetano (1) . Modal identification techniques can be classified into two categories: input-output techniques and output-only techniques. While in input-output techniques the excitation is measured and frequency response functions (FRF) can be therefore derived, output-only techniques are only based on the dynamic response, remaining the excitation source as unknown (2) . For civil engineering structures, where external sophisticated equipment would be needed to excite a wide band of frequencies and simultaneously measure the input signal, output-only techniques have shown to be very appropriate to extract dynamic properties. In addition, output-only techniques can take advantage of the ambient excitation due to wind or traffic loads (ambient vibration testing, AVT), which avoids the interruption of the in-service performance of the structure. Many civil structures have been tested under such conditions -e.g. (3), (4)-. In addition, operational modal analysis provides realistic parameters to asses the capabilities of numerical models (5).
Dynamic identification techniques offer an interesting way to assess damage of concrete structures. Due to the availability of instrumentation systems, non destructive vibration monitoring of civil structures has rapidly increased for the last years. Many monitoring activities related to concrete structures rely on the measurement of the change of dynamic properties. Reinforced concrete has a highly nonlinear behaviour, whose response is not always easy to be determined in advance under a combination of loads (6) . Cracking is the most usual damaging process that affects such response. Since cracking leads to a reduction of stiffness, it has an influence on dynamic properties. Some researchers have experimentally shown the relationship between progressive cracking and change of natural frequencies and damping ratios (7) . However, cracking can be in turn due to diverse external solicitations: monotonic increasing loads, time-dependent effects, repeated loading, corrosion-induced cover cracking, etc. Other damaging sources that affect dynamic properties of concrete structures are yielding of the reinforcement, loss of tension stiffening, settlement of foundations or corrosion of the reinforcement (8) . The potential of experimental modal analysis could be also advantageous to determine the possibilities of repairing techniques after a structure has been locally damaged (9) . In order to develop efficient monitoring techniques for reinforced concrete, a fundamental study on the evolution of damage due to different loading processes has to be firstly established (10) . Particular experimental works are needed to identify the implications of different damaging sources and derive conclusions about the correlation between change of dynamic properties and structural damage. So far, most of the experimental studies regarding reinforced concrete have dealt with the evolution of cracking due to gradually increasing loads (11) .
An increasing attention has been paid to the effect of repeated loading on concrete structures for the last years. In bridges, traffic loads are of repetitive nature and they can lead to local fatigue damage (12) (13) (14) . It is well known that repeated loads lead to progressive cracking and tension stiffening reduction. Furthermore, fatigue fracture of the reinforcement may take place in the high-cycle domain. Premature damage detection of concrete bridges is of large significance and dynamic identification techniques may provide a helpful tool. To do it, the study of correlation between change of dynamic properties and different damage stages due to repeated loading is necessary. In this paper, the evolution of dynamic properties of specimens reproducing the top slab of boxgirder concrete bridges is studied. The analysis focuses on the transverse fatigue behaviour of the bridge, which is more susceptible to be damaged than the longitudinal direction in medium-and long-span bridges due to the presence of longitudinal prestressing. Since dynamic properties of concrete structures are load-dependent, mainly due to concrete material nonlinearities (15) (16), different excitation techniques or dynamic identification models may lead to different values of the dynamic properties, especially damping (11) . In order to account for this fact and avoid uncertainties, the testing procedure and the identification techniques used here are defined before the presentation of experimental results.
EXPERIMENTAL PROGRAM

Overview of tests
The analysis developed in this paper focuses on the evolution of dynamic properties of reinforced concrete bridge decks. The experimental results obtained in the tests performed in (17) are used here. A brief summary of such tests is described in this section. The dynamic excitation tests, the results regarding the dynamic properties and the subsequent analysis are reported in the following sections of this paper. The tests were designed to study the transverse fatigue behaviour of box-girder concrete bridges. The specimens represented at ½ scale the top slab and the webs until the point of zero transverse moment of a typical railway viaduct of the Spanish network with a span length of 40 m (17) (18) . The specimens were symmetrically loaded at the free edges of the lateral cantilevers and they were supported on cylindrical steel rollers of 6 cm diameter. A discussion regarding the relation between the test configuration and the real situation of bridges can be found in (17) . One reference specimen was loaded to static failure and two specimens were subjected to fatigue loading. The test configuration, specimen geometry and reinforcement lay-out can be observed in Figure 1 . The main data of the three tests are given in Table 1 . The reinforcement consisted of hot-rolled deformed bars of quality B500SD, with characteristic yield and ultimate strength of 500 and 575 MPa, respectively, according to the Spanish code for structural concrete (19) .
The static test ST1 was used as reference for the fatigue tests. It showed ductile flexural failure. The maximum applied load during the stage of yielding of the reinforcement was 86.18 kN. The load-midspan deflection curve is plotted in Figure 2a . Due to the small reinforcement ratio (ρ = 0.53% at the central region of the specimen and ρ = 0.34% at the clamped edge of the cantilevers), the member exhibited a significant tension stiffening capacity. Before yielding, the cracks mainly developed at the central region of the specimen (top side). After yielding, the lateral cantilevers also cracked -refer to (17)-. The first cracking load was 30.1 kN and the yielding load was 67.0 kN. forcement and, therefore, the third stage does not correspond to the third stage of concrete fatigue processes. Accordingly, there is no relationship between the failure instant and the slope of the deflection evolution measured during the second stage. It is noted that lightly reinforced concrete members have a large tension stiffening capacity (21) , and the present tests indicate that repeated loads significantly decrease this contribution, leading to the cyclic increase of cracks and deflections. Therefore, it deserves to be studied whether the effect of repeated loads on the serviceability of reinforced concrete can be detected and explained by the evolution of dynamic properties. In that case, experimental modal techniques could be use to monitor structures susceptible to this damaging source. In addition, another interesting damage to be detected is the fatigue fracture of the reinforcing bars. The correlation of this effect with the change of dynamic properties has not been studied so far, to the authors' knowledge.
Dynamic testing
To determine the evolution of dynamic properties, impact excitation vibration tests were conducted at relevant instants of the experiments summarized in the previous section. The specimens were excited by the impact of a 3 kg steel ball dropped from a height of 0.50 m. The ball impacted on the top side of the specimens at the midpoint, as plotted in Figure 3. This procedure mainly excites longitudinal symmetric modes (it is noted that longitudinal modes of the specimen refer to transverse modes of the bridge). The height of 0.50 m was fitted before the tests so that the response of the first impact was fully dissipated before the second impact of the ball took place. This guaranteed that the isolated effect of a single impact could be used in the analysis. Before the application of the impacts the specimens were unloaded, the load application equipment was switched off, and the auxiliary loading frame was removed. The support conditions were the same as the ones referred to in the previous section (steel rollers over 0.43 × 0.38 × 1.00 m concrete bricks).
The sequence of preparation and execution of dynamic tests is represented in Figure 4 . Four impacts were given at each testing stage. Four piezo-resistive accelerometers (B&K 4573) with sensitivity 67mV/g were used to register the dynamic response. The accelerometers were located on the top side of the specimens (Figure 3) . A more refined mesh was used to identify the modal shapes with more accuracy, as explained later. The input excitation due to the impact of the drop weight was not measured. Therefore, output-only ter they were finished. Cracks developed on the top side of the central region of the specimens, remaining the lateral cantilevers almost uncracked. The three typical stages can be observed through the evolution of measured deflections, plotted in Figure 2b -c. The maximum deflection corresponding to the first cycle (N = 1) is indicated with a black point in the graphics in order to note the significant deflection increase undergone in the crack formation stage. The structural damage developed in the two first stages was due to progressive cracking and loss of tension stiffening contribution. Concrete-related fatigue typically develops a three-stage process similar to the one plotted in Fig. 2b-c -(20) -. However, it must be noted that in the present tests, failure was due to fatigue of the rein- In the fatigue tests (FT1 and FT2), the configuration and procedure to develop the impact excitation tests was the same as in the static test. The impacts were applied at relevant number of load cycles, in order to obtain the evolution of dynamic properties in a logarithmic scale. This included, at least, the following number of load cycles: N = 0 (undamaged state, before the application of any load), 1, 10, 100, 1000, 10000, 50000, 100000, and thereafter every 180000 cycles for test FT1 and 70000 cycles for test FT2.
ESTIMATION OF DYNAMIC PROPERTIES
Identification methods
In this section, the data processing techniques employed to determine dynamic properties are summarized. Due to the test configuration, output-only identification techniques were used to identify the natural frequencies, modal shapes and damping ratios. The free damped vibration responses measured with the accelerometers (see the example plotted in Figure 5 ) were transformed in the frequency domain modal identification techniques from the free damped vibration response are to be used to estimate dynamic parameters. Accelerations were measured with an HBM MGC-plus data acquisition system. The sampling rate of the digital recorder was 2400 Hz, which was enough to study the evolution of frequencies below 750 Hz. A Butterworth low-pass filter with a filter frequency of 1000 Hz was used in the data acquisition. A typical acceleration record is plotted in Figure 5 . It can be observed that the vibration is the result of a single impact. It is noted that all the experiments were performed in a laboratory environment without temperature or moisture changes, which avoided that environmental factors affect dynamic properties.
In the static experiment (ST1), the dynamic tests were conducted after each load stage. The load stages consisted of a loading phase, followed by 60 seconds during which the load was held constant, and a subsequent complete unloading. The loading and unloading rate was 0. Figure 6 . The reference accelerometer was located in point 1, while the roving signal was subsequently located in points 2-32. The excitation was due to the impact of the steel ball on the midpoint of the top side of the specimen, as explained in section 2.2. It is noted that points 1, 14, 19 and 31 correspond to the positions of the accelerometers indicated in Figure 3 .
The estimation of damping ratios is usually the most difficult part of experimental modal analysis. The frequency domain decomposition (FDD) method proposed by Brincker et al. (24) has been used in this paper. This technique is based on the singular value decomposition of the PSD matrix at each frequency, as follows:
In the above equation, the spectra matrix G(Ω) that contains the PSD functions G ij (Ω) is decomposed into a set of singular vectors U(Ω) and V(Ω) and the corresponding diagonal matrix S(Ω) that contains the singular values in the diagonal. The superscript H indicates complex conjugate matrix transpose. Under the hypotheses of white noise excitation, well separated modes and light damping, the singular value decomposition results in the following equation
where Φ(Ω) contains the singular vectors and S(Ω) gives the singular values s ii (Ω) of the output PSD matrix. The peaks of the singular values represent the resonance frequencies. A frequency band around each peak provides the auto PSD function of the corresponding single degree of freedom system, which can be taken back to the time domain by inverse Fourier transform. Brincker et al. indicated that the band width around the peaks of the singular values can be better selected by using the modal assurance criterion, which resulted in the enhanced FDD method -refer to (24)-. This e-FDD technique has been used in this paper. In the time domain, the damping ratio of each mode can be estimated from the logarithmic decrement δ, which is calculated as the absolute value of the slope of the regression line of the logarithms of the local maxima extracted from the free decay acceleration of each isolated single degree of freedom signal. Due to the to study the damage development. No techniques based on the time domain analysis have been employed in this paper. A short summary of the fundamentals of the identification methods used is given in the following paragraphs.
Natural frequencies have been firstly estimated by the peak picking method from the average normalized power spectral densities (ANPSD). This method was conveniently implemented by Felber (22) and its simplicity has made it very attractive for structural applications (23) . It is based on the identification of natural frequencies as the peaks of the ANPSDs. The power spectral density (PSD) has to be first obtained for each individual acceleration signal measured in the time domain ( Figure 5 ), as follows:
where G ii (Ω) is the PSD of the acceleration at point i, A i (Ω) is the Fourier transform of the acceleration at point i, and A* i (Ω) is the complex conjugate of A i (Ω). The PSD is therefore the square of the magnitude of the Fourier transform of the acceleration. The ANPSD is computed for each sensor by normalizing and then averaging the four impacts given at each testing stage.
The employ of the four accelerometers plotted in Figure 3 allows to estimate natural frequencies and their evolution. However, it is not accurate enough to identify the modal shape corresponding to each frequency. A more refined mesh is necessary to plot the modal shapes with better resolution and therefore compare the experimental shapes with numerical results. In this paper the potential modal ratio (PMR) functions proposed by Felber (22) have been used. Within the field of output-only identification techniques, the PMRs are used instead FRFs and they represent the relationship between the Fourier transform of a roving signal and a fixed reference signal. The amplitude of the PMRs at the natural frequencies represents the coordinate of the modal shape that corresponds to that frequency in the location of the roving sensor. The higher the number of roving signals, the better the resolution of the modal shapes. According to Felber, the PMR can be obtained as:
where i is the fixed sensor and j is the roving sensor. G ij (Ω) is the cross PSD between signals i and j, PW ij is a phase win- could be followed with the techniques explained in the previous section. Modes M1, M3, M8 and M10 represent the first four symmetrical bending modes. Mode M5 is the same as M8 with some excitation of the supports (this modal shape is not obtained numerically if the supports are not modelled).
nonlinear behaviour of structural concrete, the estimation of the logarithmic decrement depends on the amplitude of the acceleration (16) . Therefore, the result is a function of the number of maxima employed in the regression line. In order to use a uniform criterion, the damping ratio obtained in this paper was estimated from the maxima within the first 0.2 seconds of the acceleration response (the first acceleration peak was eliminated too). An example corresponding to the estimation of the undamaged damping ratio of mode M3 of test FT1 is given in Figure 7 . After obtaining the logarithmic decrement, the damping ratio ζ is derived as:
It is noted that FDD also results in the estimation of natural frequencies by determining the number of zero-crossings of the isolated accelerations in the time domain. In the following paragraphs, this result is compared with the frequency obtained with the ANPSD.
Determination of dynamic properties
The experimental set up and equipment has made it possible to study of the evolution of the frequency and damping ratio of eight modes of frequency smaller than 750 Hz. Besides such eight modes, which will be studied in detail, the PMR technique was able to obtain a total of ten modal shapes for test FT2 at the undamaged state and the results are plotted in Figure 8 . The nomenclature of the modes does not have any physical meaning.
The experimental mode shapes can be compared with the numerical results represented in Figure 9 , which were obtained with the finite element software ANSYS (25) . The 13 modal shapes plotted in Figure 9 have a natural frequency smaller than 750 Hz. In the model, eight-node brick elements with three translational degrees of freedom at each node (element Solid45) were used with the following properties: E = 36258 MPa, ν = 0.2, density = 2500 kg/m 3 . The support conditions were modelled reproducing the steel rollers and the concrete blocks below them. Due to the impact excitation, mostly symmetrical modes were experimentally identified. Accordingly, the theoretically obtained modes M7, M9 and M12 could not be identified with the experimental techniques and M4 and M5 could only be detected with the PMR. The evolution of the natural frequencies and damping ratios for the other modes 
ANALYSIS OF CORRELATION BETWEEN STRUCTURAL DAMAGE AND CHANGE OF DYNAMIC PROPERTIES
Among other objectives, the experimental campaign was intended to evaluate the correlation between the progressive damaging process of the reinforced concrete specimens and the resulting changes that can be observed in the dynamic properties. Regarding the evolution of natural frequencies, the analysis indicates a similar trend of the frequency change and the evolution of deflections during the tests plotted in Figure 2 . The experimental stages indicated in section 2.1 can be observed through the frequency change experienced during the tests. According to the experimental results (17), cracking damage mainly developed at the central region of the specimens and fatigue fracture of rebars took place at the same zone. Since the change of dynamic properties can be related to the location of damage, the most appropriate modes to analyze the decrease of frequencies or increase of damping are those where damage occurs at locations of high modal curvature. Among the modes represented in Figure 8 , M13
seems therefore very appropriate to analyze the experimental behaviour.
According to the above paragraph, the evolution of frequency M13 will be taken as representative of the experimental reModes M2, M4, M7 and M9 are the first asymmetrical bending modes. Mode M6 represents transverse bending of the cantilevers. Modes M11 and M12 represent the asymmetrical and symmetrical bending of the cantilevers, while in mode M13 only the central region of the specimen is excited.
The natural frequencies corresponding to the undamaged state of modes M1-M3, M6, M8, M10-M11 and M13 for the three tests are listed in In addition to the evolution of natural frequencies, the damping ratio could be used as a damage indicator. The development of damage is indicated by an increase of the damping ratio. Table 3 shows the damping ratios of the modes studied that correspond to the undamaged state of each specimen. The evolution during the tests was in a way similar to the one used to show the frequency change. The study of the evolution with structural damage is performed in the following section. For the fatigue tests (FT1 and FT2), the frequency decrease was quite significant during the first crack formation stage (see the evolution of frequency M13, for example), which agrees with the increase of deflections during the tests. The damage rate stabilized during the second stage, showing a small linear decrease of the frequency with number of load cycles. Finally, a sudden jump of the frequency indicated the fatigue fracture of the reinforcement. These three stages correspond very well with the evolution of deflections and deformations with number of cycles, showing that the change of natural frequencies can be used to identify the typical fatigue behaviour of reinforced concrete. The evolution of frequency M13 with load cycles during the fatigue tests has been represented in Figure 11 and vertical lines have been added in order to distinguish the three fatigue stages. Further conclusions can be drawn if the frequency evolution developed in the static test is used as a reference to identify the stages of the fatigue tests. This is analyzed with the load-frequency diagram of the three tests plotted in Figure 12 -the graphic refers to frequency M13, similar sponse of the static test ST1. During the first uncracked stage, there was no frequency change, which agrees with the fact that the stiffness is not reduced as long as concrete does not crack. The frequency then experienced a progressive decrease during the cracking stage. If the evolution of the frequency with the load is plotted in a way similar to the load-deflection diagram, it is observed that the frequency and the deflection follow the same evolution -refer to Figure 10 (a)-. Even the crack formation and stabilized cracking stages can be distinguished by a different rate of the frequency decrease. In addition, a larger decrease of the frequency is observed in the stage of yielding of the reinforcement. The frequency change with load is found to follow the same evolution of deflections with load, which can be observed in Figure 10 
CONCLUSIONS
This paper presents the results of an experimental campaign dealing with the correlation between change of dynamic properties and structural damage of reinforced concrete. The dynamic properties (natural frequencies, damping ratios and modal shapes) were obtained by means of output-only techniques from impact excitation vibration tests. The analysis has focused on the damage caused by fatigue loading on reinforced concrete specimens reproducing the top slab of concrete bridges, with a focus on the transverse behaviour. Three significant stages were developed in the tests: crack formation, stabilized cracking and fatigue fracture of the reinforcement. The results indicate that the change of natural frequencies is an excellent tool to follow the structural damage of the specimens due to the good correlation between the frequency decrease and the increase of deflections with load cycles. In addition, the study indicates that the results obtained in a static test provide a useful reference to establish criteria to identify the fatigue damage. The employ of the damping ratio has more difficulties to identify structural damage due to the more irregular evolution obtained for this parameter.
to Figure 10 This zone corresponds to the stabilized cracking stage in the fatigue tests. Furthermore, the points that represent the measurements taken after fatigue failure of the reinforcement in tests FT1 and FT2 fall into zone 3 at the right-hand side of line BD. It is noted that the bars that remained intact after fatigue failure suddenly yielded due to the small reinforcement ratio of the specimens, which suggests that zone 3 corresponds to the stage of yielding of the reinforcement. From the analysis of Figure 11 , it can be concluded that the frequency evolution of the static test is a good tool to establish the three stages developed in the fatigue tests and build the regions of the load-frequency diagram that correspond to them.
The employ of the evolution of damping ratio to follow the structural damage was more complicated than the use of natural frequencies due to the larger scatter obtained for this parameter. The identification of the experimental stages is not easy from the evolution of the damping ratio of modes M1-M10. Better results were obtained for the high order modes (M11 and M13). The coefficient of determination between damping ratio change and deflections was smaller than the one obtained between natural frequencies and deflections. This is evident for the fatigue tests (R 2 = 0.58-0.74), while for the static case the correlation is still rather good (R 2 = 0.94- 
